Jet Impingement on two flat plates with an angle between them has been experimentally and Numerically studied at different flow and geometrical conditions. The numerical simulations were performed by the solution of Navier-Stokes equations with a k-E model. The stagnation pressure ratio (p, I p.) was varied from 1.2 to 3. Thus, the Reynolds number based on the nozzle width (b) was ranged from 4.5 x lo4 to 8.3 x 10' . The distance between the center of the two plates and nozzle exit plane (hlb) was changed from 5 to 60. The angle between the two plates (0) was varied from 50" to 180' . Pressure distributions along the two plates were compared with those of a free jet. Also, results have been compared with those obtained from the numerical solution. It is concluded that the jet flow behavior and pressure distributions are more sensitive to the initial stagnation pressure, the impingement distance than those obtained with varying the angle between the two impingement plates. Comparison of the predicted behavior of the jet with those obtained from experimental results gives a good agreement.
Impinging jet flows are widely used in many engineering applications such as the drying of film and textile, the cooling of hot steel plates, gas turbine cascade and combustor components. Recently, it is also used for cooling the microelectronic components. In fact, this is due to the enhancement of the high heat and mass transfer rates that occur in the impingement region. For Vertical Take -Off and Landing (VTOL) aircrafts, an important consideration is the aerodynamic interaction between air frame under surfaces and the ground.
The main structure of the impinging jet is defined by three main regions, Hwang and Liu (1989) . The first jet part is the free jet region where the flow is the same as that of a jet issuing into an unbounded medium. The second part is the impingement region in which the large pressure enhances the change of flow direction. The third part is the wall jet region where the flow moves over the ground plane with constant pressure.
Most of previous studies have been performed the effect of jet impingement on flat surfaces, Colucci and Viskanta (1996) , Phares, et. al. (2000) . Impingement surfaces of more complex geometries such as cylindrical surfaces were investigated by Parneix, et. al. (1999) and Cornaro, et. al. (1999) . Some of the earliest reports that do focus on jet impingement on curved surfaces are given by Chupp, et. al. (1969) , who studied the heat transfer from an array of small round jets impinging on a concave surface. Tabakoff and Clevenger ( 1972) compared the cooling of a single slot jet with an array of round jets on a concave surface. Hrycak ( 1981) studied the heat transfer from concave hemispherical plates with the range of Reynolds number from 1.2 x lo4 to 8.8 x lo4 , Lee and Lee (1997) investigated the effect of surface curvature on the local heat transfer from a round jet.
It is well known that the flow structure of an impinging jet produced by an orifice or a nozzle is very complex, due to the generation of vortices, ambient entrainment, separation, and interaction with impingement and/or confining walls. ARer impingement the flow develops as a wall jet until it interacts with a confining wall. Hence, there are a number of parameters to be considered in the design of such systems: the distance between the nozzle and impingement surfaces, the flow rate, the initial flow conditions, the initial turbulence level and the overall geometry of the system. Gardon and Akfirat (1965) investigated the effect of turbulence on the heat transfer augmentation by controlling free stream turbulence at the nozzle exit. Tam and'Norum (1992) studied the impingement tones of large aspect ratio supersonic rectangular jets. Lytle and Webb (1994) measured flow structures and local heat transfer rates at the value of nozzle to plate spacing less than one nozzle diameter and found peculiar behavior not evident at higher impingement distances. Lee et. al. (1994) investigated the local heat transfer characteristics of an elliptic impingement jet with an orifice nozzle having an aspect ratio of 2.14. Chen, et. al. (2000) studied the high Schmidt mass transfer in a laminar impinging slot jet flow for the Reynolds number from 220 to 690.
The objective of the present work is to study the behavior of the flow field of an air jet impinging on two flat plates with an angle between them. The stagnation pressure was varied to change the initial flow Reynolds number from 4 . 5~1 0~ to 8 . 3~ lo5 . Measurements of the wall and total pressures were made in the x and y directions. The distance between the nozzle exit and the impingement surfaces was varied from 5 to 60 nozzle width. The angle between the two plates was changed from 50' to 180'. Navier -Stokes equations with a k-E model were used to perform the structure of flow field. Numerical work based on the SIMPLE procedure outlined by Patankar (1970) was utilized. A comparison between the theoretical and experimental results is given. The behavior of the impinging jet is also compared with the free jet.
EXPERIMENTAL SET UP AND PROCEDURE
The schematic diagram of the experimental set up is given in Fig.1 . A high pressure blow down air supply system was used to produce the jet. Compressed dry air was discharged from two air compressors to an air tank of 8.3 m3. The maximum pressure in the air tank was automatically controlled to within 8 bar. Then, the compressed air was passed through a 3" diameter pipeline to restored in a settling chamber whose dimensions are 1.75 m long and 0.8 m in diameter.
The pipeline control section includes a gate valve followed by a pressure regulating valve. Two mesh wire screens were fixed in the settling chamber to reduce the air disturbances and make the flow uniform at the nozzle exit. A rectangular convergent nozzle made of Aluminum with 35 mm length, 30 x 3 mm2 at inlet, and 12 x 3 mm2 at exit was attached to the settling chamber which was kept parallel to the ground floor. The air was accelerated through the nozzle and then released into the ambient atmosphere in the form of a free jet. The air jet was allowed to impinge on two flat surfaces made of Perspex. The dimensions of the two plates are 600 mm long and 300 mm width. The impingement surface was placed perpendicular to the flow direction. The angle between the two plates was changed from 50' to 180°, Fig. 1 .
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Measurements of wall and total pressures were made at different values of stagnation pressure from 1.2 to 3 atmospheres. The corresponding Reynolds number based on the nozzle exit width was ranged from 4.5x104 to 8 . 3~1 0~ . The wall pressure was measured through tabs of 0.5 mm inner diameter made along the impingement surfaces. The uncertainty in the tap location in all direction was + 0.4%. The total pressure was measured by using a pitot tube with an inner diameter of 0.5 mm. The pitot tube was positioned on a three dimensional traversing mechanism with a pitch of 1 mm in all directions. The spatial resolution of the traverse system is 0.5 mm in all directions which is approximately 4 % of b. Water and Mercury U-tube manometers were connected to the ,pitot tube and pressure tabs that can help for pressure reading with an accuracy of i 0.65 %. The stagnation pressure in the settling chamber was measured using a digital manometer, with uncertainty of i 0.36 % . The distance between the surface and nozzle exit ( the impingement distance, hib) was varied from 5 to 60 with uncertainty of 2 %. The stagnation temperature in the settling chamber was measured using a digital thermometer whereas; a mercury thermometer was used to measure the ambient temperature (T). The temperature reading was uniform with an accuracy of i-0.5 OC. The ambient atmospheric pressure was measured using a barometer with an accuracy of about -t 0.25 %. The nearest walls were kept sufficiently far from the tunnel to exclude their effects.
MATHEMATICAL MODELS
The transport equations representing the conservation of mass, momentum, turbulent kinetic energy and turbulent dissipation rate of the isothermal flow are cast into a general form of Cartesian Coordinates, Khodadadi 
The turbulent constants are given as, Khodadadi and Vlachos (1 989) : c, = 1.44, c2= 1.92, c3 = 1.373 , co=0.09,0k = 1 , 0 =1.3
Boundary Conditions and SoIntion Procedure
The flow at the nozzle exit was assumed to be fully developed; i.e., the axial gradients of all variables were set to zero. Thus, the boundary conditions were cast as follows, Fig2 : The mathematical models consist of a set of differential equations subject to appropriate boundary conditions. To provide the algebraic form of the governing equations, a fully staggered grid system was adopted for the velocity components and scalar variahles. These equations were discretized using a control volume finite difference methods (CVFDM). The numerical solution was accomplishbd by utilizing a version of semi-implicit method for Pressure Linked Equation model (SIMPLE) derived by Patanker (1970) . In this algorithm, the velocity component u was calculated at the east and west faces of the main control volumes Porn the solution of u momentum equations, F(ig.2. Similarly, the velocity component v were obtained at the north and south faces of the main control volume. Then, the pressure correction equation was solved, and velocity and pressure fields were corrected. To complete the iteration, the turhulent kinetic energy and energy dissipation rate equations were solved successively. The discretization equations were solved by the lineby line procedure, which is a combination of Gauss Seidel and the tridiagonal matrix algorithm in the stream-wise direction. The tridiagonal matrix algorithm (TDMA) was used to solve a set of discretization equations in the cross stream direction. Relaxation factors were employed to promote smooth convergence of the discretized equations. The relaxation factors were 0.5, 0.5, 0.3, 0.8, and 0.8 for u, v, p, k, and E respectively. The turbulent viscosity was under-relaxed at a value of 0.8 . The converged criterion in this study was based on the successive changes in variables. All field variables were monitored, and the following condition was used to declare the convergence:
In addition, the ratio of the difference between the inlet mass flow rate and the outlet mass flow rate to the inlet mass flow rate was also examined. Convergence was declared if the relative mass imbalance was less than 1 x lo5 and the Eq. (2) was satisfied simultaneously. To verify the algorithm, numerical tests were performed. Thus, 90 x 90 grids were placed non-uniformly in the computational domain. The x-direction (stream-wise) grid was fine under the jet, and the grid size was multiplied by a factor of 1.04 for the region between the jet and the downstream domain. The y-direction grid was chosen non-miform, where the finest grids were set near the solid wall and expanded outward by power low formulation with a factor of 1.06.
RESULTS AND DISCUSSION
The features of the impinging jet was studied experimentally and numerically for different flow and geometrical conditions. Sample of data are presented as pressure distributions and contours of u, v , a n d k .
The total pressure distribution of a free jet for p,/p, = 1.3 is shown in Fig.3 for different locations downstream from the nozzle exit plane. At ylb = 5, the total pressure has a tophat profile, and the shear layer is very narrow. The jet core narrows with x, hut exists up to an axial location ylb 5 5. After this location on downstream the total pressure has a hell shape. Note that there exists a small region of lower total pressure near the jet periphery, where the total pressure is slightly smaller than the ambient pressure. This behavior, most evident for 5 5 ylb 5 10, is believed to be due to the low pressure core of the small vortices. As the distance From the nozzle exit increases the total pressure at the jet axis decays at higher rates, displaying more fluid entrainment and enhancing mixing. This is because the rectangular jet spreads in the minor axis plane more than in the major axis plane, resulting in a crossover point at which the jet becomes locally quasi-axisymmetric. Downstream of this point the major axis becomes the minor one, and vice versa, Colucci, D.W., and Viskanta (1996) . In Fig.4 , the wall pressure distrihutions for a jet impinging on a flat plate (0 = 180') is given for comparison. The effect of the impingement surface is clearly observed between x/b = 1.75 and 6. At closed zone of the jet, h/b 5 20, the negative pressure is performed near the jet periphery. As the jet moves along the wall the static pressure equals the ambient pressure.
The effect of stagnation pressure on the wall pressure distribution along the two plates is given in Fig. 5 , for hlh = 32 and 8' = 50, 70, 90 . At the center of the plate, the wall pressure is maximum and has a tophat profile. It decreases as the flow moves along the surface in the x-direction. The spreading of the jet (jet width) increases as the jet propagates, indicating the higher mixing rate with $he ambient fluid. At the end of the plate, the wall pressure equals the ambient pressure. Also, at the center of the plate, the maximum pressure increases as the stagnation pressure is increased. At the lower values of stagnation pressure, the negative pressure is also evident near the jet periphery. This behavior is not clearly seen with increasing the distance between the nozzle and impingement surface (hlh = 57), Fig.6 . In this figure, the maximum pressure also decreases displaying the higher decay rate while the jet width increases, the spreading of the jet increases. The similarity between the two impingement distances is excellent, for all values of 8. Fig.4 indicates that the angle existed between the two plates damps the reflection effect of the impingement surface. Fig. 7 shows the comparison between the theoretical and experimental results for different values of stagnation pressure. The data are given for 9 = SO0 and 90°, hlb = 21.33 and 38. The agreement between them is good. The difference between the theoretical and experimental results near x/b = 2 for 9 = 50' is due to the reflection of the jet from the wall. This difference is not shown when the angle between the two plate is increased. Also, the difference has not evident for higher values of 9, (hb = 38). Both the experimental and theoretical results show that the peak values of wall pressure occur at the center and the pressure that to be lower than the ambient pressure occurs at the periphery of the jet. In Fig.8 , the effect of the angle between the two plates 9 on the pressure distributions is given for p, = 1.3 and 2.5 atmospheres and hh = 21.33 and 31.33. The pressure profile symmetry is excellent. The peak of the static pressure at the center of the plate increases with increasing the stagnation pressure. The agreement between the theoretical and experimental results is evident for all values of 8. Also, the negative pressure at the jet periphery covers more distance on the plate surface and the similarity of the pressure profiles has not affected by the change of the angle 8. For all nozzle to plate spacings studied the pressure distributions are a maximum at the stagnation point. As x/b increases, the pressure decreases and approaches the ambient pressure for large xib. The pressure is observed to become sub-atmospheric and reach a minimum at x/b = 2 and then increases to ambient pressure at xib = 3. This pressure recovery is due to the momentum conservation at the impingement surface. The maximum pressure decreases (decay of the jet increases) with increasing the distance between the nozzle and plate while the spreading ( jet width ) increases. This is due to the ambient entrainment.
The contours of the velocities u, v and kinetic energy k are given in Fig. 10 , for a jet impinging on a flat plate (0 = 180° and h/b = 21.33). These results indicate that the numerical solution has reproduced the expected physical features of the jet interaction with the solid wall. The stagnation point, recirculation zone, reflection, entrainment are clearly visible. The physical features of the jet are changed with using the two plates with an angle between them, Fig.1 I. The butterfly shape is dominated which is not evident within the case of the flat plate, Fig.  10 . Also, in Fig.] I, the effect of the spacing between the nozzle and impingement surface on the jet structure is observed. The jet spreading (jet width ) and the decay of the main velocity are affected by varying the angle between the two plates as well as the spacing between the nozzle and plates.
CONCLUSIONS
An air jet was allowed to impinge on two flat plates with an angle between them. The jet behavior was investigated by varying the nozzle to plate spacing, stagnation pressure ratio, and the angle between the two plates. The total pressure distribution in the region between the nozzle and impingement surface was measured using a pitot tube and static wall pressure distribution along the impingement surface was measured using pressure tabs made on the impingement surface. These measurements are intended to gain understanding the pressure profile through the region between the nozzle and plates and over the plate surface, since the pressure distribution affects the flow structure of the impinging jets. Navier-Stokes equations with a k-& model were solved to correlate the jet behavior. Results reveal that the pressure profile is practically independent of the angle 0, but is dependent on stagnation pressure and nozzle to plate spacing. The wall pressure is a maximum at the stagnation point and decreases with increasing the distance x/b. As the stagnation pressure increases, the maximum pressure increases every where. The pressure distribution shows a small region of lower pressure near the jet periphery, where the static pressure in that region is slightly smaller than the ambient pressure, which is most evident in the region of 1 5 xlb 5 2 . The pressure recovery is inevitable since momentum must be conserved. The computed results were shown to accurately predict the flow jet behavior over the surface. Complex features like separation and reattachment on the surface strongly influence the wall pressure distributions. Additionally, experimental and numerical results are in reasonable agreement within the impingement region. 
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